The innovation management literature describes a competitive advantage when applying Design Thinking (DT) in corporate environments. In this paper we study the perceived challenges, enablers, and benefits for implementing DT in publicly funded transdisciplinary industry-academia research and innovation consortia (RIC). We facilitate and investigate five large RIC from the food and high-tech industry in Norway and Germany using an explorative qualitative action research design. Our research shows that the challenges of using DT in RIC are to some extent comparable to those for the corporate context. Additionally, we identify distinct challenges for RIC. Benefits from using DT in RIC are stronger user and innovation focus, better transdisciplinary collaboration, and triangulation of qualitative with scientific data. We suggest that complex RIC benefit from an intermediary (DT) role translating business needs into research questions, and research results into understandable and business-relevant information and innovation.
Introduction
Increased competition and a faster innovation pace in a globalized environment motivate participation in research-based innovation collaborations between industry and academia to solve problems none of the stakeholders can solve alone (Sandberg, Pareto, & Arts, 2011) . The business model of research organizations however requires public funding, which historically is based on academic excellence only. There is a major change happening: Pure knowledge creation is no longer the aim of many research projects. Funding calls increasingly address complex societal challenges that can only be solved by transdisciplinary teams and in collaboration between industry and academia (European Commission, 2018 , Federal Ministry of Education and Research, 2012 , UK Government, 2017 , Popowitz & Dorgelo, 2018 . The recently developed EU missionbased research and innovation strategy addresses global challenges fostering experimentation and citizen involvement (Mazzucato 2018) . This is also reflected in several core dimensions of change on how to organize innovation as described by Leitner, Warnke & Rhomberg (2016) . Among them is a changing perception of creativity, changing motivation for innovation, and a need for systemic sustainability innovation, which will all strongly affect the way we execute research and innovation projects in the future. These developments seem to legitimize the use of Design Thinking (DT) in the context of publicly funded collaborative research. DT is a human-centered approach to problem-solving, creativity and innovation. DT is also a management concept of innovation that gained massive attention in the corporate world in the recent years and is often referred to as providing a competitive advantage (Liedtka, Salzman, & Azer, 2017 , Brown, 2009 , Brown & Katz, 2011 , Rauth, Carlgren & Elmquist, 2015 , Carlgren, Elmquist & Rauth, 2014 .
Successful research projects must deliver on social, environmental and economic sustainability through innovation, collaboration, and solving wicked problems. This requires impact-focus and innovation management thinking from scientists and is challenging, as many scientists work to "understand" and not to "create". In the context of RIC, facilitation of transdisciplinarity is needed in order to achieve a working mode where knowing and understanding each other and collaborating to extract the best from every discipline for achieving results beyond what one discipline could achieve alone (Thompson, Owen, Lindsay, Leonard, & Cronin, 2017) . Transdisciplinarity in the setting of RIC can be characterized by different features according to Zscheischler, Rogga, & Busse (2017) : collaborative problem framing and co-designing the research process, integrating knowledge form different disciplines, and science-practice collaboration.
We observe a mismatch between external funding and industry requirements and the scientists' capability to lead and work in transdisciplinary impact-oriented projects. DT with its focus on user needs, co-creative problem-solving, and innovation outcome could help to bridge that gap when introduced in a way that accounts for both culture-, sector-, topic-, and team-specific factors in the socio-technical system of a RIC (Liedtka et al., 2017) . DT has not been widely used in publicly funded research and innovation consortia, and there is a lack of understanding which challenges and benefits its use implies. The aim of this study is two-fold: Describe the facilitated introduction and continuous use of DT in RIC and study the perceived challenges, enablers, and benefits of implementing and using DT in RIC. In our action research-based case study, we selected five large RIC from the food and high-tech industry in Norway and Germany where DT was introduced and applied continuously.
2 Theoretical Background 2.1 Design Thinking DT in an innovation management context can be described as a human-centered approach to problem-solving, creativity and innovation combining what is technologically feasible, with what is desirable and economically viable (Brown, 2008 , Brown & Katz, 2011 , Verganti, 2008 , Beckman & Barry, 2007 , Liedtka, 2015 , Carlgren, Rauth & Elmquist, 2016b . DT is a meta-disciplinary methodology where pre-established rationales of one discipline are replaced with a mindset that helps to develop a common basis of knowledge and agreement between disciplines (Lindberg et al., 2010) . The benefit of DT is still difficult to proof and measure. One of the few measurable successes of design-centric companies that are part of the design value index is that they outperform their peers from the S&P500 by over 200% (Rae, 2016) .
The core elements of DT are empathy and people focus, problem framing, visualization, experimentation, and diversity (Carlgren et al., 2016b) . They are often paraphrased or visualized by an array of diverging and converging processes of need finding, idea generation, and testing (Liedtka, 2015) in contrast to more traditional product-centric stage gate and linear innovation processes (Cooper, 1990) . Different models of operation with a more or less rigid set of tools and methods exist based on their origin and primary use at e.g. IDEO, Hasso Plattner Institute, Darden School of Business, or the British Design Council (Tschimmel, 2012 , Carlgren et al. 2016b . The Double Diamond model from the British Design Council is divided in four distinct phases (see Figure 2 ): The diverging Discover phase -gathering new insight by looking at the world from different perspectives. The converging Define phase -making sense of the information from the first phase and deciding which opportunity matters most. The diverging Develop phase -repeated cycles of creation and testing of concepts and prototypes leading to constant improvement of ideas. The converging Deliver phase -validating and implementing the innovative solutions (products, services, technologies, designs, business models).
It should be noted, that DT is not only a toolset but also a mind-set and therefore not easy to implement in settings where linear thinking and hypothesis-based working are the dominant logic (Carlgren, Elmquist & Rauth, 2016; Liedtka et al., 2017) . We planned and researched the use of DT in RIC according to the Double Diamond Model and its phases as our project facilitation framework and theoretical lens. Brown and Katz (2011) encourage the use of DT and the designer's creative problem-solving skills by non-designers into the broader organization. As stated above, adaptation and use of DT is however challenging when coming from a different school of thought where a technology or product is often developed and put onto the market rather than starting with a user need. While designers are comfortable with insecurity and ambiguity, managers and scientists are usually risk averse and afraid of failure.
Design Thinking in the Corporate Context
Several academic studies describe theoretical reflections of conceptualizing DT (Johansson-Sköldberg, Woodilla & Çetinkaya, 2013 , Kimbell, 2011 , an empirical study by Carlgren et al. (2016) is deliberately distancing itself from that approach by focusing on the use, users, terminologies, and perception of DT in large corporate organizations. Carlgren's study leads to a better understanding of how and why DT is used and proposes a research agenda to better understand the value of using DT, to develop a common language when discussing DT, and to study DT as managerial practice. The authors call for more empirical studies on how DT is used and which value it creates depending on the context it is applied in as well as how DT skills are learned and taught in an organizational/project context. Seven specific challenges unique for using DT are described by Carlgren, Elmquist & Rauth (2016a) based on empirical data from five large firms (see Figure 1 ). The challenges are linked to the inherent characteristics of the DT concept itself in relation to its core themes: user focus, framing, experimentation, visualization and diversity (Carlgren et al., 2016b) and distinct from established barriers to innovation. A more structured approach to DT is needed when practicing DT with non-designers, relating to competency development, establishing structures and routines and the facilitation of DT (Liedtka et al., 2017) . The study of Rauth et al. (2015) on legitimizing DT in large organizations identifies five ways to create or sustain support for DT (see Figure  1 ). The challenges to overcome uncertainty around the DT concept that encourages failure and exploration outside the comfort zone were especially large in organizations with traditional R&D structures. This could also be the case in RIC based on their R&D centric nature. (Carlgren et al., 2016a , Rauth et al., 2015 , Seidel & Fixson, 2013 A recent study of 50 industry projects from Liedtka (2018b) describes DT as a paradigm that enables people's full creative energy, commitment, and an improved innovation process. DT creates a natural flow from early insights to user experiences to the transformation of these insights into ideas and actionable solutions. The DT process overcomes human biases and is able to provide immersion, helps sense-making, builds alignment, and fosters articulation: "What makes DT a social technology is its ability to counteract the biases of innovators and change the way they engage in innovation processes". Another study (Liedtka, 2018a) of 22 companies, NGOs, government association (no industry-academia collaboration projects) explores the impact of DT in action and describes the observed practices of deep understanding of user needs, heterogeneity of teams, dialogue-based conversations, multiple solution outcome, creation of a structured and facilitated process. Those practices have shown to lead to improved quality of choices, reduce risk and cost failure, enhance likelihood of successful implementation, increase adaptability, and contribute to capability building. These are practices and outcomes becoming increasingly important also for industry-academia collaborations.
Existing research on DT as method, mindset, and innovation enabler is limited to corporate environments and often restricted to a single company or comparison of a few companies (Carlgren et al., 2016a , Rauth et al., 2015 , Wrigley, 2017 , Liedtka, 2018b . This underpins a lack of understanding on how DT is practiced in organizations and how DT benefits innovation outcome. Based on literature search, we discovered an even larger research gap on understanding how DT is used in large multi-year science projects with interorganizational and transdisciplinary industry-academia collaboration such as RIC.
Industry-Academia Research and Innovation Consortia and Design Thinking
The main differences between corporate R&D and academic R&D is the focus on business productivity versus personal productivity and building customer value versus building reputation with peers (Simons, Gupta & Buchanan, 2011) . Corporate R&D appears to have goals and motivations similar to DT (user desirability, technical feasibility, commercial viability) whereas academic R&D is more self-centered and focuses on academic merits and peer recognition. The authors suggest that some of the DT motivations and tools could apply to corporate R&D especially by working multidisciplinary, collaborating radically, incentivizing knowledge sharing and change. However, merely raise questions rather than providing answers on how this potential can be utilized. Due to the different nature of corporate and academic R&D challenges implementing DT into RIC are expected to be different and multifaceted and currently not understood. RIC become increasingly complex and different communities of practice working to solve a large scientific or innovation challenge are needed. "Conceptually, transdisciplinarity aims to foster meaningful knowledge co-production through integrative and participatory processes that bring together diverse actors, disciplines, and knowledge bases." (Thompson et al., 2017) . This concept is not easy to implement as disciplinary success is often higher rewarded in academia and communication between disciplines can be a major challenge (Benard & de Cock-Buning, 2014 , Basche et al., 2014 . Designers can act as brokers through applying their user centric, socio-cultural and product semantic skills to the creation of new (product) meaning (Verganti 2003) and have the ability to successfully facilitate multi-stakeholder co-creation activities (Aguirre, Agudelo & Romm, 2017) . Alves, Marcques, Saur & Marques (2007) study multidisciplinary and multisectoral cooperation as catalysts for creativity and innovation without explicitly mentioning DT but describing some of the tools and methods. Their study provides a limited view on new product development and does not include long term collaboration projects or RIC. Interestingly, diversity from multidisciplinary and multisectoral collaboration is discussed exclusively as positive for innovation. Emerging management challenges are mentioned only very briefly and remain unspecific.
The expectation to collaborative R&D is moving more towards impact creation (Mazzucato, 2018) . However, classical project management in an innovation context has its limitations in a sense that it tries to apply a rigid framework to an agile and unpredictable process (Mahmoud-Jouni, Midler & Silberzahn, 2016) . The expected contributions of DT to project management in an innovation context for exploration, stakeholder involvement and strategizing on a theoretical level provide an interesting steppingstone for our work in RIC. Garousi, Petersen & Ozkan (2016) identified 10 challenge themes and 17 best practice themes in their review article on industry-academia collaborations. Most common best practices documented in different contexts are regular workshops and seminars, continuous learning from industry and academic sides, ensuring management engagement, the need for a champion, conducting research based on real-world problems, showing explicit benefits to the industry partner, and agility during the collaboration. Once more the described practices are coherent with a DT-mindset, but DT was not explicitly applied or mentioned. A recent action research study reveals a positive impact of co-production / co-creation activities (as in DT) to joint problem formulation, research methodology, capacity-building, communication, and project outcome in industry-academia collaborations (Sannö, Ericsen Öberg, Flores-Garcia, & Jackson, 2019) , however, DT has not been mentioned specifically as facilitation tool.
Many of the studies mentioned above describe shorter activities compared to RIC projects with focus on an innovation solution or are even purely theoretical. Principles of co-creation, agility, transdisciplinarity, industry relevance, and innovation outcome are the focal point of several scholars. According to our literature search, DT has not been used extensively and consistently nor has it been studied in industry-academia collaboration such as RIC to increase transdisciplinary collaboration, user focus/relevance and innovation outcome. Thus, there is a research gap on both the use of DT in RIC and understanding the challenges and benefits this implies. The research question in this paper is: How can DT contribute to better collaboration across disciplines and between theory and practice in complex industry-academia RIC? The aim of this study is therefore two-fold: Firstly, we elucidate how we use DT in RIC to foster transdisciplinarity and innovativeness by describing and analyzing five large RIC (our cases). Secondly, we empirically study the perceived challenges, enablers, and benefits of implementing DT in RIC in the light of existing research. Focus of the research is on the use of DT as facilitation tool to improve transdisciplinary collaboration, user-focus, and innovation outcome in RICs.
Method

Research Context and Case Descriptions
We studied the use of DT in joint academia-industry research and innovation consortia (RIC) from a pre-project stage throughout the project's duration. We designed and selected the RICs based on the following common criteria in order to assure comparability across cases:
• they are publicly funded based on competitive research proposals, which means similar set-up and KPIs,
• the projects require a high degree of transdisciplinarity, which is challenging to realize in traditionally run RICs
• the DT methodology is new to the project teams, and thus allows us to study the implications of using DT in an exploratory action research setting,
• they have a Design Innovation Catalyst (Wrigley, 2017) also acting as the action researcher assuring robust implementation and execution of DT activities
• the project duration is between four to six years with minimum three years into the project allowing for rich and diverse activities and data collection throughout all phases of the DT process.
We studied three national and two international RIC from the food industry and high-tech industry in Norway and Germany, respectively. Table 1 shows an overview of the five cases in this study. 
Design Thinking Approach and Activities in the RIC Cases
We can distinguish between description-driven, explanatory research and prescription-driven design sciences, with an added value, solution focus, and practical relevance of the latter within management research (Aken, 2004) . This encouraged our approach of using DT in a field of otherwise explanatory research domains. Applying DT is learning in action (Liedtka, 2018) . Based on the hands-on experiences of using this innovation method in five RIC perpetual new insights about the key enablers and challenges were generated.
Classical RIC operate according to a linear project model with a predefined set of activities, often in silos and with little iteration. The linear activities are reflected in a critical path schedule with milestones and deliverables adapted to the reporting requirements following an annual cycle. The DT approach with its iterative phases is new to RIC. Figure 2 describes the project phases of RIC overlaid with the Double Diamond DT phases. The iterative nature of the DT process is reflected by the circular arrows within and between the diverging and converging DT phases. As RIC depend on public funding, a pre-project application phase 12 to 18 months prior to project start is illustrated.
Fig. 2. A typical RIC timeline with project phases overlaid to Double Diamond and DT phases
In the various RIC we used DT as a novel approach to facilitate collaboration and innovation activities, take user-centric perspective, achieve transdisciplinarity, and translate insights into innovations as shown in Table 2 . We deliberately distance our research methodology from the "spectator -astronomer" or "stranger -visitor" paradigm where a researcher observes without intervening (Eikeland, 2006) . Transformative knowledge creation can only arise in the context between researchers and practitioners (Bradbury-Huang, 2010) and not as simple observers or through interviews. The large gap between disciplines, and between research and practice in RICs calls for an intermediary role translating research results into understandable and business-relevant information, and business needs into research questions. This role can be described as Translational Developer (Norman, 2010) or more relevant for our research the Design Innovation Catalyst (Wrigley, 2017 , Wrigley, 2016 . Wrigley derives six important capabilities of the Design Innovation Catalyst from empirical case studies: designer knowledge and skills, business knowledge and understanding, cognitive abilities, customer and stakeholder centricity, personal qualities, and research knowledge and skills. In line with the DT approach, action research (Guertler, Sick & Kriz, 2019 , Guertler, Kriz, McGregor, Bankins & Bucolo, 2017 and engaged scholarship (Van de Ven, 2007) comprise similar benefits of better collaboration, capability building, increased relevance of the research methodology. The research was therefore carried out as action research where the researchers acted as boundary subject, process leader, change agent, and innovation catalyst (Huzzard, Ahlberg & Ekman, 2010 , Price, Wrigley & Matthews, 2018 , Wrigley, 2016 . Our primary purpose was not only understanding how to implement DT in RIC but actively effect the desired changes and empower stakeholders. Our action research and its central elements are designed to solve a research challenge (the RIC's thematic research focus) and thus has the ability to combine an academic knowledge gain with solving a practical problem and capability building (Guertler et al., 2017) .
Data Collection and Analysis
As research on using DT in RIC is scarce, we applied an explorative qualitative research design. This study builds on a multiple case study (Yin, 2017 , Eisenhardt, 1989 investigating five RIC from different industries and different countries.
The findings of this study rely on a three-year co-creational knowledge generation process. The data was collected in the period of 2015 to 2018 in the different phases of the case projects. The iterative DT activities and linked learning cycles took place in each of the five RIC and is based on a two-fold knowledge creation process due to the role as Design Innovation Catalyst and action researcher (see Figure 3 ). We organized and participated in events, workshops, project meetings, and conferences where we observed the behavior of project participants in each of the cases. During and after these events we took detailed field notes and photographic documentation. Additionally, we conducted semi-structured and informal interviews with representatives of our case organizations and took part in informal reflective conversations. Observations and interviews revolved around the use of DT in the RIC context, how it was perceived, what the benefits and challenges were and how the approach could be improved.
Fig. 3. Illustration of action research approach within and between five cases
We comprehensively collected secondary material describing the broader context of the cases (policy documents, company information, project descriptions, and results from other activities in the RIC). This allowed triangulation of the findings from our interviews and observations, strengthening the quality of our findings (Flick & Gibbs, 2007) . Knowledge creation took place by practicing DT at different stages of the research and innovation projects and validating the gained insights. The researchers shared their insights, reflected their learnings, and designed upcoming DT and research activities in three annually held one-day face-to-face workshops and had shorter exchange meetings during the three-year data collection period.
For further exemplification of our advancement and explanation of how we gathered and analyzed the data within each RIC, Table 3 provides an overview of one RIC's project activities and events for the Innofo3D case, their link to the respective DT activities and the action research activities performed at each point in time. The iterative character of DT is reflected by a variation in DT process stages depending on the goals of the particular participants or stakeholder goals at the given project phase. Analysis was carried out within cases and across cases according to Yin (2017) . We chronologically documented all data linked to the respective activity and project phase of the individual cases. The material was sorted into clusters representing the respective DT activities, observations, and interview notes. The derived challenges and enablers for using DT were then clustered and further refined. A case summary of each case was written to complement the aggregated data and enable cross-case comparison. The analysis was iterative and emerging themes were compared with results from previous research on challenges, enablers and benefits of using DT in other contexts. Categories of analysis in our research where for example individual DT workshops, DT methodologies, workshop outputs, and stakeholder groups. Emerging themes and results were discussed between the researchers and third persons within RIC project teams and in three reflection & learning workshops across all cases. The generated knowledge was immediately applied in further project and research activities. One example of generated knowledge from our reflection & learning workshops is the learning that we need to focus thoroughly on DT capability building in order to successfully use the tools and change a researcher's mindset. This resulted in increased DT training and exposure to DT in the RIC in addition to the already planned activities. Another learning is that the term DT as such can create aversive reactions which made us focus on the actual workshop output and flow much more than the fact that we are doing DT.
Results and Discussion
As the use of DT in RIC has not been studied previously, we build our analysis on different streams of literature from management research, action research, and DT and combine it with our own research data to derive specific challenges, enablers and benefits of using DT in RIC. We deliberately do not include classical innovation barriers (Tushman & O'Reilly, 1996 , Kanter, 2006 , Tidd & Bessant, 2018 , Bessant, Öberg & Trifilova, 2014 in our analysis as we want to focus on the DT specific elements.
Challenges of using DT in RIC
Success of research projects is measured mainly by numerical parameters such as number of publications, number of patents, number of spin offs and schedule fulfilment (Al-Ashaab, Flores, Doultsinou & Magyar, 2011 , Langford, Hall, Josty, Matos & Jacobsen, 2006 . This leads to a lower motivation to engage in creative and unknown/uncomfortable activities as already suggested by Pink (2011) . We experienced that an established linear project process for RIC is contradictory to the principles of DT which require multiple short iterations and testing loops. However, we find that the mismatch of timelines in RIC with their long duration is even larger compared to the corporate context and that the challenge towards implementation of DT is proportionally bigger.
Our analysis shows that some of the identified challenges for using DT in RIC are comparable the those for the corporate context as described by Carlgren et al. (2016a) . The specific characteristics for these challenges seen in the new context of RIC are described in Table 4 . (Carlgren, 2016a) Used to operating in linear project model, large independency and little co-creation.
Design driven vs. Data driven (Price et al., 2018) Scientists and engineers educated to trust and generate quantitative data, skepticism to qualitative, explorative and visual data.
Resulting Ideas and Concepts difficult to implement (Carlgren, 2016a) Known DT Challenges RIC specific Description
Value of DT difficult to prove (Carlgren, 2016a) Not enough time/touchpoints in RIC to prove value of DT, bad experience with post it's DT Principles/Mindsets clash with org. Culture (Carlgren, 2016a , Price et al., 2018 Qualitative work, insecurity of the outcome and fun are not seen as serious research.
Existing Power Dynamics are threatened (Carlgren, 2016a) Tenure and independent work of especially senior scientists less important in DT teams.
Skills are hard to acquire (Carlgren, 2016a) No exposure to design or DT in scientist's education and bias towards DT.
Communication Style is different (Carlgren, 2016a) Long texts and proceedings used for communication rather than visuals.
Cognitive Bias (Liedtka, 2015) Looking for confirmation or invalidation of a set of hypotheses defined early in the research process. Not open for new solutions.
In our research we additionally identified six new challenges of using DT distinct for the context of RIC:
1. Discontinuity of Activities -One specific challenge of using DT in RIC is the discontinuity of activities and often only annual meetings between project members during the long project duration of four to six years. For example, it was difficult to continue working with material, i.e. personas or stories, developed in joint workshops early in the projects because the participants in the follow-up workshop had lost the empathic connection to the situation or we had different participants in the follow-up workshop that did not know the work we did initially. We observed that acquired DT skills are lost when not practiced in between the activities.
2. Lack of Credibility in the Research Field -The designers and DT facilitators in RIC were initially met with skepticism because the field of DT was new and unfamiliar to the participants. We observed a lack of credibility and trust especially for coaches and facilitators that did not have an education in one of the scientific fields of the RIC as illustrated by the following quote: "They don't understand what our research is all about" -scientist. Another explanation for the skepticism were negative previous experiences with creative techniques resulting in statements like "I have been part of such (DT) processes internally but have usually never heard about it afterwards" -product developer; "I am allergic to post its -this doesn't lead to anything and I can spend my time better in the lab" -researcher. the need for extensive data collection and want to jump to a solution rather quickly as indicated by statements like "When can we use the results to make a new product? " -industry R&D manager. We experienced this tension being a barrier to using DT in early project phases but once established as mindset, DT was able to lower the tension by creating a common understanding of desired scientific and innovation outputs.
Tension between Intrinsic and Extrinsic Motivation -
4. Extreme Diversity -RIC have an extreme variety of cultural differences as the members often come from multiple countries, organizations, sectors, and disciplines. Compared to the corporate context these transdisciplinary teams make it difficult to find a common language and even more difficult when bringing in the designer's unfamiliar mindset, language, and tools in addition. An illustrating example is the combination of microbiology, social science, educational science, policy, innovation management and design thinking in the FoodSafety case: in the early project phase a dictionary between disciplines had to be generated and a common language established to overcome this challenge. A statement by a researcher is "I don't understand your [the social scientist's] way of working and terminologies, you make it so complicated and large", and vice versa about the microbiologist "Things are much more complicated than what lab tests and numbers can tell, we need to do it our way". 5. Lack of "Bias for Action" -Science-driven and theory-driven linear thinking fosters data creation and often statistical proof instead of rapid prototyping and frequent testing with users. In all our cases we observed that it was difficult to engage in spontaneous or guided creative activities or activities involving users due to the fear of a) doing something wrong and b) doubting the value of the activity. One work stream leader stated after a persona and innovation workshop in the "Develop" phase of the PlantProtein RIC that "It is so difficult to come up with things within such a short time, but I am getting used to it as we are using approaches like that in our project more often now. During my first experience I was totally lost". The bias for action and interest to try a different way of working was higher for younger, less established team members compared to senior scientists.
6. "Team by Law" -RIC teams are selected in each participating organization separately based on expertise in the field and availability without considering creativity/DT skills. Participation is often inconsistent over time and therefore it is difficult to fully embrace DT. RIC participants may have competing market interests which according to our observations leads to skepticism and closedness. This changed over time due to diverging or converging nature of the DT phase (Pabst, Drescher, Haendschke, Tyrasa & Gonera, 2018) and statements around openness and the wish to collaborate after DT workshops became common in diverging phases; "We can be so proud of us. This was so good. What a feeling" -project manager and "I look forward to continued collaboration with you in the project" -industry partner.
Enablers for using DT in RIC
The context and ecosystem in RIC are more complex compared to corporate environments due the extreme diversity described above, thus asking for a different practical approach to introduce DT. In the process of facilitating and studying DT in the five cases we derived and developed enabling approaches particularly important for the RIC context. These build somewhat on existing literature but differ from previously described enablers.
1. Experiential Learning -We used a "learning by doing" approach to implement DT to RIC as also described in other contexts (Price et al., 2018 , Beckman & Barry, 2007 , Rauth et al., 2015 , Liedtka, 2018 . Especially in early project phases it was crucial to have short DT lessons combined with practical workshops on the research topic of the RIC. Examples of these activities are building a joint project vision and roadmap, working with personas, user empathy exercises, and field trips. DT with its hands-on, co-creative methods contributed to the positive experience and fun in joint activities as indicated by the following quotes: "This was the best session of the entire two days of the project meeting" -researcher; "This was fun, and I learned a lot" -product developer. This again improves team building and collaboration across disciplinary boundaries. Keeping up the continuity of activities showed to be essential for the learning journey. DT is a methodology that leads to trust building, partnership and engagement in teams enabling a better innovation outcome (Liedtka, 2017) . We observed that DT contributed to better collaboration in diverging project phases also between RIC participants that have competing interests: "This time (with DT) we really experience the project as a joint project." -industry R&D manager.
2. Change Agent / Design Innovation Catalyst -A process responsible who is actively driving DT engagement as also described by Price et al. (2018) is a key enabler of DT not only in corporate context but also in RIC. We found that this Design Innovation Catalyst (DIC) needs to have high credibility in the research field to be accepted and successful. The role of the change agent is to translate and facilitate design observation, insights, meaning, and strategy into all facets of the RIC. The role of the DIC is described by project members as "uniting the language of the technology and the language of the user in the sense of a bridge builder" and to "facilitate and activate creativity and novel thinking and also generate a sense of [. . . ] user needs". In classical RIC this role is basically non-existent, and we are pioneering the approach by our research.
3. Gatekeeper / Advocate for DT -Especially during the pre-project phase, when the overall project approach is designed and in the early (discover) phase of the RIC, a strong advocate for DT was essential to enable the approach (Price et al., 2018) . For all cases this was the responsible RIC project manager who acknowledged the potential benefits of using DT in this new context, trusted the DT facilitators in their capabilities, and communicated the importance of working according to DT principles. The role of DT advocate gradually developed into an ambassador network (Rauth et al., 2015) with increasing establishment and success of using DT. Project members started to talk positive about the DT activities to peers and leadership.
4. Established Set of DT Tools and Formats -We developed tailor-made methods in each of the RIC depending on the DT phase and respective challenges we worked on. Explanation of the process and coaching of DT proved especially important to create confidence and trust that the method will bring the team to the desired outcome. The establishment of a DT terminology in conjunction with other fields of the RIC as well the repetition of tools and terminology in a language that is understandable were important enablers. Visualization of the content and summarizing results in a tangible format supported the interest and engagement for DT. We found it particularly important to take research data into account and triangulate it to DT outcomes to improve credibility of DT and minimize the perceived risk when using qualitative methods.
Adapted DT tools and methods will increase the chance for reapplication and recognition of the methodology in the scientific community.
Team
Reflexivity -Surprisingly we found that team reflexivity became more important for team performance and using DT in later DT phases. This is in contrast with a previous study by Seidel and Fixson (2013) who find team reflexivity important for novice DT teams especially in the early DT phases. One explanation could be that RIC participants first needed to get familiar with DT and the RIC team before they could develop team reflexivity from initial skepticism.
Benefits and Practitioner Implications for Research and Innovation Consortia
Successful innovation projects must deliver three things: superior solutions, lower risks and costs of change, and employee-buy in (Liedtka, 2018) . Applying DT in RIC has the potential to encounter all of these outcomes. The benefits of using DT in our five RIC cases center around the key DT elements of empathy, visualization, and experimentation for superior solutions. Particularly the use of DT in the RIC funding application phase lead to an overall people-centric approach taking user needs into account and strongly focusing on innovation and (business) impact. We argue that this is a distinct quality and a novel unconventional approach compared to other research projects or consortia and can be further explored and exploited. One researcher summarized his experience after several DT workshops in PlantProtein RIC in the following way: "I have never seen something like that, and I joined a lot of similar huge projects. This is just great and should be a role model for other projects. Others have to learn from what we are doing".
Scientific RIC have the advantage that resilient studies and knowledge of the field are available already at the project proposal stage/early in the project thus strengthening the DT approach by enabling triangulation. This leads to a perceived risk reduction (through use of data) at the same time as it leads to improved innovation outcome (through use of creativity).
We believe that the use of DT in RIC leads to increased flexibility for the research and innovation process and outcome but to achieve this flexibility good process management and excellent capabilities of the Design Innovation Catalyst are necessary. Based on our findings, we suggest that complex RIC will benefit from an intermediary (DT) role translating research results into understandable and business-relevant information, and business needs into research questions in analogy to Wrigley's Design Innovation Catalyst (Wrigley, 2017) . It is recommended that the DT facilitator works closely with the respective project manager to assure seamless execution but also have an important advocate and door opener.
We experienced in the projects that a more innovative and broader form of research result communication was achieved by using DT. In addition to the classical reports and publications also visualizations, physical prototypes, public events, exhibitions, and films were produced reaching a much broader audience compared to classical research projects. This is again in line with the funding bodies' ambitions for effective dissemination and implementation of research results. In the projects were a continuous requested for DT facilitation occurred, project participants fully emerged into the DT mindset and developed employee buy-in: "I was totally surprised by the power of testing prototypes and the willingness of giving feedback by users, thus I find myself questioning much more often." -research participant in one RIC.
The introduction and use of DT in RIC must be planned carefully considering the identified challenges. DT must be explained and demystified for scientists and practitioners who are not used to working user-centric, visual, co-creative and iterative so that it can become a respected way of working. Using DT requires sufficient time and resources, especially when the approach is new to the team. This calls for additional project budget with no direct scientific output and may therefore be difficult to justify.
Implications for Policy Makers
Several of the challenges of using DT in RIC are related to policy framework conditions. Public funding and reporting requirements determine which societal problems need to be solved, who receives funding, and how RIC success is measured. We must work with policy makers and educators to encourage and legitimize DT in RIC. For a successful implementation of DT in publicly funded RIC a change of KPIs for research projects is necessary shifting focus from only scientific contribution to real positive impact on people, planet, profit as also mentioned by Fisk (2010) .
At the same time, a development from linear project organization and project reporting to a more dynamic and flexible form should be encouraged by the funding bodies. DT with its phases and elements could enable such a transition. The European Commission's "Implementing an Action Plan for Design Driven Innovation" (European Commission, 2013) aims to understand the impact of design on innovation and strengthen industry competitiveness through designdriven innovation. We observe the onset of that shift in public funding calls and at proposal phase where novel approaches (such as DT) are specifically encouraged, however during project reporting the paradigm shift has yet to happen.
An inclusion of DT skills, creative methods, and innovation studies in the education of scientists of various backgrounds is politically supported (European Commission, 2013). These ambitions have the potential to improve problem-solving skills, collaboration and innovation skills among scientists without compromising on the credibility of science.
Conclusion
This paper describes how we use DT in RIC in a systematic and continuous way and makes several contributions related to the potential role of DT as an approach to working in RIC. We identified unique empirically categorized challenges and enablers for using DT in joint academia -industry RIC.
The use of DT was challenging when first introduced to RIC as DT principles are contradictory to scientist's way of thinking and working. Through rigorously applying DT, using Design Innovation Catalysts, adapting DT methods to the individual cases, and reflecting with the team on the use of DT in RIC we experienced true game-changer potential. There are several challenges to overcome to fully utilize DT's potential in RIC, some of them inherent to the way academia is performing R&D and some of them dependent on policy framework conditions. We suggest that complex RIC benefit from an intermediary (DT) role translating business needs into research questions, and research results into understandable and business-relevant information and innovation.
Limitations and Further Research
The results of the study are derived from five cases. The data collected strongly depends on the choice of cases and the persons and material included. In this study, the researchers themselves are action researchers facilitating the DT process at the same time as they perform the research. This means that we are not simply external observers but take a transformative orientation to knowledge creation that can only arise in the context of practice (Bradbury-Huang, 2010) . This mode of research provides valuable first-hand insights and experiences enabling an immersive and holistic way of collecting data. We have incorporated learnings from our analysis into the projects immediately and thus achieve a better implementation of DT in RIC.
Methodologically, action research can bear the risk for limited precision in interventions including suboptimal research design as highlighted by the discussion of relevance and rigor in action research (Guertler et al., 2019) . Within innovation projects that tackle real world problems, it is easy to rather focus on the problem to be solved than on the research or methodological perspective. Therefore, we emphasize action researchers for a strong self-awareness concerning proper research design and process advancement. Careful planning of the DT activities as well as the linked research is necessary. This was achieved by thorough project design of both the activities and data collection, frequent data analysis and reflection within each case and jointly across cases during the three-year timeline of the study. Shortening learning cycles, increasing the researchers' resources and focusing on an even stronger visualization for a more efficient reflection among research collaborators are some of our learning points.
We study all phases of the DT process and the methods/tools feasible to solve the respective innovation challenge of the case RIC. Not all case projects are completed at the point of analysis but have had at least three to four years of DT experience. Due to the explorative character of the study the results should be considered a "working hypothesis" (Guba & Lincoln, 1994) . Our action research approach with its reflective nature as well as frequent validation and feedback with RIC project members lead to a pragmatic validity of the research results and we believe that our data is representative for an exploratory study in an area where cases and data are scarce.
The studied sample is not large enough to analyze for country or sector specific challenges. Based on our empirically derived data further research is needed to investigate in depth understanding of other cases and confirm our hypotheses. A quantitative study within the described cases and beyond could help to validate our findings. Further research is needed to understand specific aspects unique to RIC for example the role of the DT facilitator or the specific combination of disciplines in a project. As future research we highly encourage to study the use of specific DT tools and approaches in a context and project specific setting. As increased transdisciplinarity was only one aspect emerging as a benefit of using DT in RIC, future research should focus on better understanding the impact of DT on transdiciplinarity. As we found the pre-project phase and project set-up/start-up phases critical for defining common project goals, a common language across disciplines, and aligned on DT as way of working, more focus should be laid on DT stage-specific emerging patterns in RIC in future research. It would also be of interest to compare projects with and without DT as a pure case study (without the action research approach) specifically focusing on transdisciplinary collaboration, capability building and innovation outcome.
Further research studying innovation policy development concerning the use of DT in RIC could provide valuable insights leading to an increased implementation of DT into research-based innovation. This will also shed light on how the fundamental question of adapting incentives and measures for research and innovation projects may be addressed in future.
